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[1] Minidetachments (MDs) found in the uppermost footwall of the Whipple low-angle
normal fault record physical and chemical conditions of LANF formation and early history.
MDs are subparallel to the Whipple LANF and mimic features of that fault on a small
scale. Principal slip surfaces and R1 Riedel shear fractures parallel C and C′ planes,
respectively, in adjacent mylonites. Thus, MDs likely formed subparallel to planes of
maximum shear stress and were not severely misoriented during initial rupture of intact
rock. Damage zones contain secondary epidote, titanite, chlorite, calcite, and felspars.
Breccias record volume gains via enrichment in all elements relative to immobile Fe-Ti-Zr-P,
and ultracataclasites record volume losses. Epidote and titanite are locally porphyroclastic
in mylonites; cataclasites contain both old shattered fragments and new euhedral grains
of these minerals. Pseudosections constrain alteration, the end of mylonitization, and
cataclasis to T = 380–420 C. Fluid inclusions with 17–20 wt% CaCl2 were entrapped at
270–290, 170–200, and 80–130 MPa, consistent with a drop from lithostatic toward
hydrostatic Pfluid at 9.5 km depth. MDs thus record (1) infiltration of reactive fluids into
a mid-crustal shear zone; (2) reaction strengthening at the locus of maximum infiltration
and sealing; (3) brittle fault slip triggered by fluid overpressure; and (4) permanent
embrittlement following reduction of Pfluid. The brittle-plastic transition and crustal
strength maximum were strongly modified by fluid- and reaction-driven mineralogical
changes. At any given point in space or time, this “transition” may thus be very thin,
corresponding to the thickness of the altered zones surrounding nascent LANFs.
Citation: Selverstone, J., G. J. Axen, and A. Luther (2012), Fault localization controlled by fluid infiltration into mylonites:
Formation and strength of low-angle normal faults in the midcrustal brittle-plastic transition, J. Geophys. Res., 117, B06210,
doi:10.1029/2012JB009171.

1. Introduction
[2] The mechanics of formation and slip of low-angle
normal faults (LANFs) remain debated [e.g., Axen, 1992;
Collettini, 2011; Healy, 2009; Lister and Davis, 1989],
similar to the debate over strength of the San Andreas fault
[Faulkner et al., 2006; Hardebeck and Michael, 2004;
Hickman and Zoback, 2004; Lachenbruch and Sass, 1980;
Rice, 1992; Saffer et al., 2003; Scholz, 2000; Townend and
Zoback, 2004]. Current fault-mechanical theory is not
clearly adequate to explain the formation and slip of LANFs
[Axen, 2004, 2007; Collettini, 2011; Lister and Davis, 1989].
Unlike the San Andreas fault, however, many LANFs have
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delivered to Earth’s surface footwall rocks that originated in
the midcrustal brittle-plastic transition and near or below
the base of the intracontinental seismogenic zone. Thus
LANFs provide unique opportunities to study the products of
processes acting at those depths. Recent studies of LANF
zones have focused mainly on rocks and structures formed in
shallow crustal levels (upper 4–5 km) [e.g., Collettini and
Holdsworth, 2004; Cowan et al., 2003], attempting to
explain shallow slip on LANFs.
[3] Here we present results from “minidetachments” (MDs),
which are small-scale analogs to larger LANFs. The MDs
formed in the upper parts of the exposed footwall of the
Whipple detachment fault in southeastern California. Our
results indicate that they formed while the footwall was
cooling through the brittle-plastic transition, after which they
rapidly became inactive (without significant subsequent
structural overprint), providing insight into processes operating at the difficult-to-study midcrustal brittle-ductile transition.
[4] Whipple MDs have many characteristics similar to
those of the main detachment fault, including: (1) sharp,
commonly striated, principal slip surfaces that (2) are typically subparallel to the mylonitic foliation in their footwalls,
(3) thin zones of uppermost footwall and basal hanging wall
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Figure 1. Map showing sample localities in the Whipple Mountains metamorphic core complex. WE-1,
WE-2, LTC-1, and BWmd are minidetachment sites. Samples from the main Whipple detachment fault
were collected at WA, BW1, BWSK, and BWNL.
cataclastic and ultracataclastic rocks (including pseudotachylyte), and (4) chlorite-epidote alteration of the mylonites. Compared to the main detachment, MDs have small
slip and small strike lengths. Thus their structural history is
simpler and their upper- and lower-plate rocks are commonly chemically and lithologically similar, allowing geochemical comparisons to be made that are not possible
across the main WDF.

2. Geologic Setting and Minidetachment
Descriptions
[5] The Whipple detachment is an Oligo-Miocene, largeslip (40–50 km), gently domed LANF that had topnortheast slip [e.g., Davis, 1988; Davis and Lister, 1988;
Davis and Anderson, 1991]. It bounds a footwall made up of
mylonitic basement rocks in the east and structurally higher
nonmylonitc basement in the west, separated by a gently
west-dipping mylonite front. The brittle detachment cuts
gently down through the mylonites to the northeast. Doming
of the mylonitic core rocks is similar and generally colocated with the detachment dome. The upper plate contains
Precambrian basement and mid-Tertiary sedimentary and
volcanic strata, many of which were deposited syntectonically [Beratan, 1991; Davis and Lister, 1988; Dorsey and
Becker, 1995].
[6] The samples described in this study were collected
from three different areas in the mylonitic footwall of the

Whipple Mountains metamorphic core complex (Figure 1
and Table S1 of the auxiliary material), with most attention
paid to a large (>50 m strike length) MD in Bowman’s
Wash.1 In each area, MDs are localized within the uppermost 50–100 m of the footwall (for detailed maps and
sections, see Davis and Anderson [1991, Figures 3–5]) and
the MDs have been rotated along with the footwall mylonites
and detachment during doming. No MDs were observed in
nonmylonitic footwall rocks above and west of the mylonitic
front that bounds the western side of the mylonitic core.
[7] In general, each MD displays a sharp, planar slip surface that ranges from 1 m to 0.5 km in strike length and
that is parallel or subparallel to mylonitic C planes, and dies
out along strike into the mylonitic foliation. In the smallest
MDs, the fault core is composed of a single layer of green
mosaic to chaotic fault breccia (nomenclature of Woodcock
and Mort [2008]) a few cm in thickness. Hanging wall
mylonites locally are folded into NE-vergent folds immediately above the breccia. In larger MDs, the architecture
mimics that of the main Whipple detachment fault: dark
green breccias pass upwards into a zone of purple to brown
ultracataclasite that contains the principal slip surface. At all
of the sites, alteration of primary biotite  hornblendebearing assemblages to chlorite- and/or epidote-bearing
1
Auxiliary materials are available in the HTML. doi:10.1029/
2012JB009171.
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Figure 2. Characteristics of WE-1 minidetachment. (a) Hand sample showing folded, mylonitic hanging
wall, cataclasite, and banded footwall mylonite. (b) Whole thin section scan across minidetachment.
(c) S-C-C′ planes in footwall mylonite. Biotite on C and C′ planes is completely replaced by chlorite +
titanite + K-feldspar. (d) Apparent R1 Riedel shears developed at top of footwall mylonite. All photos
oriented with SW on the left and NE on the right.
secondary assemblages is evident in and immediately adjacent to the MD zones.
[8] Samples of mylonite, chloritic breccia, and ultracataclasite/gouge were also collected from the main Whipple
detachment fault zone (Figure 1 and Table S1 of the
auxiliary material) in order to compare chemical anomalies
observed in the MDs with those found in the uppermost
footwall of the major structure.
2.1. War Eagle Mine Area
[9] The War Eagle region is located near the western limit
of mylonitic footwall rocks (Figure 1). Post-kinematic
plutons of the 19 Ma War Eagle gabbro-quartz diorite suite
were emplaced into this area at a depth of 6  2.5 km
[Anderson et al., 1988], indicating that mylonitization
occurred prior to unroofing through this depth range. Three
MDs were sampled from two outcrops of Precambrian
banded gneiss (WE-1 and WE-2) located within 50 m of
one another a few tens of meters beneath the projected
location of the WDF. These two outcrops contain the
smallest of the studied MDs, with strike lengths on the order
of a few meters; displacements are unknown, but are
unlikely to exceed a few to a few tens of centimeters. Each
MD zone is cored by chloritic cataclasite (breccia), ranging
from 1 cm to 30 cm in thickness, Hanging wall rocks
preserve NE-vergent folds with amplitudes of a few centimeters, whereas footwall rocks comprise both planar and
S-C mylonites.
[10] At locality WE-1, a minidetachment with strike
length of 1 m has a mylonitic footwall and a hanging wall
composed of folded mylonite (Figure 2a). The MD zone is
marked by a 1–2 cm-thick chloritic cataclasite with sharp

upper and lower contacts (Figures 2a and 2b). Both the
cataclasite and the hanging wall folds die out into the
mylonitic foliation along strike. The S-C-C′ fabric present in
the footwall mylonite (Figure 2c) and the fold asymmetry in
the hanging wall mylonite show top-NE shear sense, consistent with the kinematics of the main Whipple detachment
fault (Figure 2a). The hanging wall folds have an axial
planar foliation defined by chlorite  titanite  K-feldspar,
the same mineral assemblage that is present on C and C′
planes in the footwall mylonite and within and between
clasts in the cataclasite lining the MD zone. All clasts within
the cataclasite are mylonitic. Along the MD margins, brittle
shear fractures with synthetic top-NE shear sense are present
and are in an orientation consistent with formation as R1
Riedel shears (Figure 2d). Microcracks within both the
footwall mylonite and hanging wall mylonites above the
folded zone are predominantly in an orientation consistent
with R2 Riedel shear planes, although the small size of these
features does not permit observation of any offset. Within the
folded portion of the hanging wall, some microcrack planes
are reoriented around the folds whereas others have orientations that are identical to those in the planar footwall mylonites, indicating formation both prior to and during/after
folding. All of these observations suggest that cataclasis,
folding, and formation of Riedel shears at this locality
occurred during the waning stages of mylonitization.
[11] Two cataclasite-bearing MD horizons are present at
locality WE-2, separated by 65 cm of mylonitic wallrock.
Total strike length of these zones is a few meters, and both
die out along strike into the mylonitic foliation. With
increasing proximity to the MD zones, the wallrock changes
from hornblende  biotite-bearing mylonite with a planar

3 of 19

B06210

SELVERSTONE ET AL.: FORMATION OF LOW-ANGLE NORMAL FAULTS

B06210

Figure 3. Photomicrographs of WE-2 minidetachment. (a) Composite image showing progressive
replacement of hornblende by chlorite and associated development of S-C fabric toward the MD zone.
(b) Cataclasite containing clasts of both mylonite and ultracataclasite. (c) Chlorite breccia: secondary
calcite and chlorite aligned within foliation in mylonitic clasts, but interclast chlorite is randomly oriented.
(d) Randomly oriented chlorite between clasts and in fracture in breccia.
fabric into S-CC′ mylonite in which all hornblende and
biotite are replaced by chlorite + titanite + K-feldspar +
epidote (Figure 3a; see also Figure S1 of the auxiliary
material). Chlorite is aligned within C planes where S-C
fabric is present (Figure 3a). The 10–30 cm thick cataclasite
zones contain mm- to cm-scale clasts of planar mylonites;
S-C-C′ fabrics were not apparent in any of the clasts.
Locally, cataclasites also contain clasts of ultracataclasite
(Figure 3b), and ultracataclasite bands crosscut the cataclasites. These latter features indicate that multiple slip events
likely occurred in both WE-2 minidetachments.
[12] At both WE-1 and WE-2, biotite and hornblende are
everywhere present in foliated wallrock that is more than a
few cm from each MD, but are progressively replaced by
chlorite + titanite or rutile + K-feldspar  epidote (Figure S1
of the auxiliary material) toward the MDs. This mineralogic
change is accompanied by development or enhancement
of an S-C fabric. Secondary chlorite is aligned in the new
C and C′ planes in mylonites immediately adjacent to the
MDs; the absence of any original hornblende or biotite in this
orientation suggests that alteration occurred during development of the mylonitic fabric (Figures 2c and 3a). Within the
cataclasites, calcite, chlorite, and albite are abundant and no

remnants of biotite or hornblende are preserved. Calcite is
present in ribbons along the C planes in mylonitic clasts
(Figure 3c). However, both chlorite and calcite are randomly
oriented in veins and interclast regions within the cataclasites
(Figure 3d), indicating continued growth of chlorite and
calcite during or after cataclasis.
2.2. Leaching Tank Canyon
[13] Locality LTC-1 is near the southwestern limit of
exposure of mylonitic footwall rocks (Figure 1). The MD
horizon is hosted in felsic mylonitic gneisses 100 m below
the projected location of the WDF and the MD is subparallel
to the WDF nearby. The fault core comprises 1–3 cm of
ultracataclasite overlain by 0.5 m of chaotically folded
chlorite-epidote cataclasite. The mylonitic foliation and the
MD surface are sub-parallel to one another (057, 16 SE
versus 052, 24 SE, respectively), and the breccias die out
into the mylonitic fabric over a distance of several meters.
[14] Several distinct ultracataclasite horizons are present
within the MD zone at LTC-1, indicating multiple slip
events. In contrast to our observations at WE-2, subsequent
deformation of the locally folded and sheared mylonites
produced S-C fabrics that overprint early ultracataclasites
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Figure 4. Field characteristics of Bowman’s Wash minidetachment (BWmd). (a) View to the NW
of BWmd beneath and subparallel to main Whipple detachment fault (WDF). (b) Pseudotachylyte/
ultracataclasite (pst) injection into epidote-rich breccia above principal slip surface (pss). (c) Purple
ultracataclasite (ucc) developed between epidote breccia and mylonite. (d) Localized development of
chlorite breccia (chl bx) between ultracataclasite and footwall mylonite.
(Figure S2 of the auxiliary material). Clasts within mosaic
and chaotic breccias on either side of the principal slip surface display textures ranging from planar to S-C mylonites.
Clasts with planar fabric locally preserve hornblende and
biotite, but clasts and surrounding mylonites that have
S-C fabrics show pervasive alteration of these minerals to
epidote + chlorite + titanite  white mica  calcite 
Fe-oxide. Epidote and chlorite line C planes, epidote and
titanite are porphyroclastic, and titanite shows deformation
twinning, indicating that these minerals grew prior to the
end of mylonitic deformation. The apparent correlation
between the presence of secondary chlorite and development of S-C fabrics likely points to the role of alteration in
changing the rock rheology. Chlorite and calcite lining R1
and R2 Riedel shear fractures that cut the ultracataclasites
are randomly oriented.
2.3. Bowman’s Wash
[15] A large minidetachment is present in cliffs west of
Bowman’s Wash (locality BWmd; Figures 1 and 4a),
approximately 75–100 m below the WDF. This structure has
an observable strike length of >50 m, making it the largest
MD we studied. The footwall comprises mylonitic Precambrian banded gneiss and younger granitoids, whereas the
immediate hanging wall is a pervasively epidotized, granitoid breccia that may be part of the Whipple Wash intrusive
suite emplaced within the Precambrian gneiss [Anderson
et al., 1981]. The difference in rock type here may reflect
localization of the fault along a preexisting lithologic
contact. This is the only MD we studied for which the
footwall and hanging wall were not clearly the same
lithology; despite the apparent difference in rock type,
however, the hanging wall and the immediate footwall
are chemically similar (see below).

[16] The architecture of this MD varies along strike. Near
its northernmost exposure, a sharp slip surface separates
mylonitic gneiss from brecciated hanging wall. A zone
1 cm thick of brown ultracataclasite  pseudotachylyte
lines the slip surface, and >1 m long injection veins of
pseudotachylyte/ultracataclasite penetrate the hanging wall
breccia (Figure 4b). Toward the southern terminus of the
structure, a prominent multilayer purple cataclasite containing green, epidotized clasts of mylonite separates footwall from hanging wall rocks (Figure 4c). At intermediate
positions, a chloritic breccia horizon up to 30 cm in thickness separates the mylonitic footwall from purple to green
ultracataclasites that contain the principal slip surface
(Figure 4d). Clasts of ultracataclasite within ultracataclasite
along the principal slip surface and distinct layers within
the cataclasite record multiple slip events on this structure
(see Figure 5d). Samples were collected across the MD at
several positions along strike.
[17] Most wallrock clasts within the ultracataclasites are
mylonites, but some ultracataclasite horizons contain clasts
showing only crackle breccia textures. Hence, some fault
slip at this locality likely occurred prior to pervasive mylonitization of the host rocks, although faulting clearly outlasted plastic deformation.
[18] Footwall mylonites immediately adjacent to and as
clasts within the cataclasites contain abundant secondary
epidote and titanite and local concentrations of allanite.
These minerals occur as mantled porphyroclasts aligned
within C and C′ planes (Figures 5a and 5b), and titanite
typically displays deformation twins. The ultracataclasite
matrix comprises fine-grained, angular fragments of epidote,
titanite, and feldspar (end-member albite  K-feldspar)
(Figures 5b–5f). These features unambiguously show that
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Figure 5. Photomicrographs and backscattered electron images showing progressive development of
alteration assemblages and relative timing of alteration and cataclasis at BWmd. (a) Porphyroclastic epidote in mylonitic fabric; minor relic biotite preserved. Sample is from mylonite 3 m below MD. Crossed
polars, long dimension is 2 mm. (b) Porphyroclastic titanite in mylonite below MD. Tail of ultrafinegrained titanite lines C′ plane (arrows). Long dimension is 2 mm. (c) Epidote, titanite, and chlorite in
mylonitic clast in ultracataclasite; chlorite lines C′ plane in clast. Long dimension is 4 mm. (d) Ultracataclasite (ucc2) containing clasts of mylonite, epidote breccia, and older ultracataclasite (ucc1). Long dimension is 4 mm. (e) Backscattered electron image showing angular and fractured epidote and titanite in
ultracataclasite matrix. (f) Growth of calcite + quartz along fractures in epidote clast. (g) Late-stage albite +
chlorite + calcite vein in chlorite breccia. Long dimension is 2 mm. (h) Patches of randomly oriented
calcite + euhedral albite in chlorite breccia beneath ultracataclasite. Note ductile shearing of some calcite
(arrow), indicating temporal overlap between fluid-rock interaction and deformation.
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Figure 6. (a) Photograph and (b) annotated photograph of hand sample from principal slip surface (PSS)
through ultracataclasite and into epidote breccia at BWmd. Ultracataclasite adjacent to PSS contains clasts
of ultracataclasite, indicating that multiple slip events occurred on PSS. R1 (blue) and R2 (red) Riedel
shears cut the ultracataclasite and constrain s1 to have been oriented 45 to PSS during the youngest
slip event.
growth of most epidote and titanite during wallrock alteration preceded the end of crystal-plastic deformation and the
development of the MD zone.
[19] Locally, the ultracataclasite is cemented by calcite,
and epidote fragments are partially replaced by calcite 
quartz (Figure 5f). In a few instances, titanite shows alteration to calcite + rutile. Both of these features require that
X(CO2) increased in the fluid and/or that P-T conditions
changed during or after the switch from mylonitization to
ultracataclasis. The texturally youngest alteration features
in the ultracataclasites are undeformed veins of calcite 
hematite and of muscovite.
[20] Within the chlorite breccia, millimeter-size clots
containing calcite, euhedral albite, and/or sparry quartz are
abundant (Figure 5g). Local shearing of these clots indicates
that ductile deformation overlapped in time with fluid infiltration (Figure 5h). Crosscutting veins of chlorite + albite +
calcite provide the youngest evidence of fluid-rock interaction in the chlorite breccia horizon.

3. Physical and Chemical Evolution
of Minidetachment Zones
3.1. Relative Timing of Mylonitization, Cataclasis,
and Chemical Alteration
[21] Each locality preserves evidence for onset of brittle
deformation while mylonitization was ongoing. Extensive
replacement of biotite  hornblende + calcic plagioclase by
chlorite + epidote + titanite or rutile + K-feldspar  white
mica  Fe-oxide  calcite occurred prior to or during
mylonitization (Figures 3 and 5), and predated most (though
not all) of the cataclasis. This alteration required an influx of
externally derived fluid prior to or during plastic shearing.
Some fluid infiltration also occurred during and after cataclasis, however, producing randomly oriented aggregates of
calcite  chlorite  albite  hematite  epidote lining
cracks. In summary, each of the MDs records spatial and
temporal overlap of ductile deformation, fluid infiltration

leading to mineralogic and chemical alteration, and brittle
deformation (which ultimately outlasted mylonitization).
3.2. Microcrack Constraints on Stress Orientations
[22] Host mylonites at each of the MD localities show
well-developed S-C-C′ fabrics that are consistent with s1
oriented approximately 45 to the C planes during crystalplastic deformation. In each case, the MDs are parallel or
subparallel to the mylonitic C planes. Given the evidence
cited above for cataclasis beginning before final mylonitization occurred, s1 must also have been oriented at 45 to
the MDs at the time of their formation. At locality BWmd,
where cataclasis demonstrably outlasted mylonitization,
synthetic and antithetic R1 and R2 Riedel shears that cut
the ultracataclasite also constrain s1 to have been oriented
45–50 to the principal slip surface (Figure 6) following
several slip events.
[23] The data from these different localities provide evidence that formation and repeated slip on the MDs occurred
in the same stress field as mylonitization, and that the initial
orientations of the MDs were parallel to planes of nearmaximum shear stress.
3.3. Chemical Anomalies Associated With
Minidetachments and the Whipple Detachment Fault
[24] Transformation of biotite  hornblende-bearing gneiss
into chlorite-, epidote-,  calcite-bearing rocks requires infiltration of H2O  CO2, and the textural features described
above require that much of the infiltration and alteration
occurred prior to cataclasis. In other words, MDs formed
where the host-rock mineralogy had been previously modified
by fluid-rock interaction. In order to quantify the effects of
fluid-rock interaction, major and minor element abundances
were determined along transects across each of the MDs.
[25] Whole-rock compositions were determined using
quantitative analysis routines on the Rigaku ZSX Primus II
x-ray fluorescence spectrometer at the University of New
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Mexico. Major element concentrations were determined on
fused glass beads. Bead mixtures were prepared by combining 9.000 g of Li-tetraborate flux with 1.000 g of sample
powder in a SPEX mixer mill; the resulting mixture was
fused in a platinum crucible and mold. Trace element concentrations were measured on pellets pressed from 9 g of
sample mixed with 1 g of Spectro flux as a binder. Measured
values for all elements were within 97–103% of accepted
values for secondary standards AC-E, NIM-L, NIM-D,
PCC-1, and BHVO-1.
[26] At three of the localities, the MDs are coincident with
significant chemical anomalies. In general, chlorite breccia
horizons are enriched in SiO2, Al2O3, and Na2O and
depleted in all other major elements relative to adjacent
mylonites (Table 1; see also Figure 10). In contrast, SiO2,
Al2O3, and Na2O are depleted relative to wallrock in ultracataclasites, and Fe2O*3 , CaO, TiO2, K2O, Rb, and Cl are
generally enriched. At WE-1, the smallest of the observed
MDs, the mylonitic wallrock is sufficiently heterogeneous
that it is not possible to argue for any statistically significant
change in composition across the chlorite breccia zone.
[27] The large MD in Bowman’s Wash (BWmd) was
studied in the greatest detail. Samples were collected along a
15-m transect across the MD at the locus of the thickest
damage zone. Additional samples were collected at various
positions along >25 m of strike length in order to ensure that
transect data were representative of the structure as a whole.
Despite apparently different rock types exposed in the
hanging wall versus the footwall at this locality, average
compositions of rocks collected several meters above and
below the MD are remarkably similar (Table 1, see footwall
and hanging wall averages). However, a clear chemical
anomaly is present within the damage zone, with the greatest
chemical changes localized at the principal slip surface. As
described above, relative to wallrocks, Si, Al, and Na show
significant depletions, and Ti, Fe, Ca, K, Rb, Zr, and Cl are
variably enriched along the principal slip surface (Figure 7
and Table 1). The enrichments in K and Rb are only evident within a few cm of the slip surface; at greater distances,
these elements are slightly depleted relative to average
footwall and hanging wall mylonites. Aluminum is negatively correlated with Ti and Zr in the ultracataclasite and
chlorite breccia zones, but is positively correlated with these
elements in both footwall and hanging wall mylonites.
[28] The prominent increases in Fe, Ca, Ti, and K within
the MD damage zone are consistent with petrographic
observations that epidote, titanite, K-feldspar and/or white
mica, calcite, and hematite increase in abundance toward the
main slip surface. The decreases in Si, Al, and Na largely
represent removal of sodic plagioclase – but not quartz – in
the ultracataclasites. The modest reversal in elemental zoning trends in the chlorite breccia zone 25 cm below the
main slip surface is consistent with the observed local
accumulation of albite (Figures 5g and 5h).
[29] Chemical variations associated with the WE-2 and
LTC-1 MD zones are shown in Figure S3 of the auxiliary
material. Although there are fewer data points for the
LTC-1 profile, the Si, Ti, Fe, Ca, Na, K, Rb and Cl patterns
are generally similar to the mylonite-chlorite brecciaultracataclasite transition at the BWmd locality. Likewise,
the compositions of the two WE-2 chlorite breccias are

B06210

similar to the chlorite breccia at BWmd. The most obvious
difference between the small MDs and the large BWmd
structure is that aluminum is somewhat enriched rather than
depleted in the smaller zones. This difference is reflected in
the higher chlorite abundance at the WE and LTC localities
than in Bowman’s Wash.
[30] Three to four samples were also selected for bulk
chemical analysis from each of four transects beneath the
main Whipple detachment fault (Figures 1 and S4 of the
auxiliary material; data from the Whipple fault will be
treated in greater detail in a subsequent paper). Hanging
wall samples were not analyzed because they are different
rock types than the footwall, commonly Tertiary volcanic or
sedimentary rocks that were never buried more deeply than
a few kilometers. At each locality, a sample of gouge or
ultracataclasite in contact with the principal slip surface was
analyzed, along with one or two samples of the underlying
chlorite breccia and one or two samples of footwall mylonite. The data lack the spatial resolution of the BWmd
sequence, but provide some basis for comparison between
the MD, with its limited slip history, and the much larger
detachment fault. At each of the WDF localities, rock composition changes significantly as the fault is approached, but
over a much larger spatial scale than is observable around
the MDs. The gross chemical trends mimic those of the
BWmd locality: Si, Al, and Na decrease into the fault zone
and all other elements generally increase, although with
some local variability. There is significant overlap in the
compositions of mylonites, breccias, and ultracataclasites
from all of the main Whipple fault outcrops with samples
from all of the MDs (Figure S5 of the auxiliary material).
Rocks associated with the main detachment have higher
K2O/Na2O ratios than the MD rocks, but there is otherwise
no reason to argue for different protoliths or alteration
processes between the two scales of faulting.
[31] The textural evidence from the MDs shows that much
of the chemical alteration occurred prior to cataclasis, and
that the MDs formed where alteration was most intense. By
analogy, initiation of the main Whipple detachment fault
was likely also controlled by syn-mylonitic alteration.
3.4. Calculated P-T-X Conditions of Fluid Infiltration
[32] Constraints on the pressure-temperature conditions of
fluid-rock interaction were obtained via the use of pseudosections, calculated using the program Perple_X 07 [Connolly,
2009], combined with fluid inclusion data. A pseudosection
is a phase diagram calculated for the actual bulk composition
of a particular sample. Pseudosections constrain the range in
P-T space over which the observed mineral assemblage,
mineral compositions, and modal abundances can exist.
Fluid inclusion isochores represent lines of constant density
in P-T space along which the inclusions were entrapped.
Intersection of isochores with corresponding pseudosection
fields more tightly constrains P-T conditions of entrapment.
[33] Given the textural evidence for temporal overlap
between alteration, final mylonitization, and initial cataclasis, pseudosections place limits on the conditions at
which the MDs formed. P-T and T-X(CO2) pseudosections
were calculated for bulk compositions of chlorite breccias at
the WE-2 and BWmd localities and of epidote-rich ultracataclasites immediately adjacent to the principal slip
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Leaching Tank Canyon LTC-1

Bowman’s Wash BWmd-1

0.21
1.87
0.01
0.06

Atomic wt%
for isocon
calculation
Ti
Fe
P
Zr
Slope
r2
V/Vmyl

0.25
1.25
0.04
0.06
0.6
0.997
1.7

81
618
128
557
114

0.39
2.20
0.05
0.03

118
576
114
255
78

70.96 70.62
0.41 0.63
13.43 12.83
1.74 3.06
1.63 2.25
0.08 0.11
1.99 2.65
2.87 2.75
4.26 2.57
0.09 0.12
97.46 97.59

0.17
0.57
0.02
0.01

76
691
67
95
bd

70.60
0.28
14.50
0.80
1.30
0.05
2.79
3.40
3.46
0.04
97.21

0.21
2.05
0.02
0.07

57
168
99
712
142

76.67
0.35
10.35
2.90
2.26
0.06
0.12
3.34
2.85
0.04
98.94

0.11
0.42
0.03
0.02
0.3
0.984
3.1

150
323
95
161
168

70.54
0.18
13.33
0.59
1.58
0.05
1.55
3.58
5.92
0.06
97.39

0.23
1.38
0.05
0.05

91
479
84
441
bd

72.23
0.38
13.01
1.92
1.92
0.05
1.47
2.75
3.95
0.10
97.78

0.27
2.37
0.08
0.05

48
485
88
519
bd

71.02
0.44
12.58
3.31
2.04
0.08
3.18
3.30
1.56
0.17
97.68

0.43
2.84
0.25
0.02

108
138
186
156
130

58.87
0.69
14.48
3.90
3.71
0.16
5.43
4.86
3.39
0.55
96.06

0.23
1.43
0.10
0.04

77
605
84
369
bd

70.71
0.38
13.39
1.99
1.94
0.05
2.14
3.22
3.48
0.21
97.52

0.43
3.29
0.10
0.01

113
618
bd
89
169

70.37
0.69
10.07
4.59
3.60
0.04
3.09
2.12
2.81
0.23
97.61

0.09
0.98
0.03
0.01
0.3
0.998
3.2

59
845
bd
102
102

72.34
0.15
13.29
1.36
0.88
0.01
2.15
4.50
2.65
0.07
97.41

0.72
6.18
0.15
0.02
1.9
0.999
0.6

167
760
37
199
232

54.92
1.14
13.29
8.43
6.41
0.10
4.31
2.42
4.04
0.33
95.40

0.72
6.45
0.14
0.01

170
572
34
141
206

60.36
1.16
11.16
8.89
6.00
0.06
3.33
1.46
3.67
0.30
96.40

0.33
2.57
0.10
0.05

68
367
20
493
72

67.98
0.54
14.67
3.64
1.60
0.04
1.95
4.31
3.17
0.23
98.97
34
146
11
118
23

2.84
0.28
1.13
1.46
0.56
0.01
0.80
1.00
1.64
0.14

0.09
0.38
0.03
0.04
0.2
0.970
6.5

2
312
9
361
148

71.57
0.14
14.76
0.54
1.64
0.03
2.00
7.74
0.09
0.07
98.59
2
507
10
686
149

68.94
0.81
13.62
1.96
1.56
0.03
4.22
6.17
0.09
0.34
97.74

0.55
3.36
0.17
0.05

17
890
13
511
67

63.79
0.88
13.37
4.63
1.43
0.04
7.39
4.14
0.49
0.38
96.54

na
na
na
468
na

1.21 0.47
5.09 4.80
0.21 0.12
0.11 0.05
2.0
1.7
0.981 0.997
0.5
0.6

48
842
6
1016
275

0.66
1.46
0.18
0.08

2
423
8
747
108

63.84 63.17 69.05
1.95 0.76 1.07
11.54 12.67 13.13
7.00 6.58 2.03
0.47 0.32 0.12
0.03 0.04 0.02
7.71 8.61 5.94
1.84 2.40 5.33
1.25 1.13 0.21
0.46 0.27 0.40
96.10 95.95 97.31

0.35
1.42
0.12
0.06

16
412
9
549
85

68.53
0.55
13.03
1.91
0.50
0.02
2.91
6.11
0.36
0.25
94.17

0.59
2.43
0.19
0.08

2
423
8
747
108

66.03
0.97
13.59
3.41
1.17
0.03
5.17
7.40
0.10
0.43
98.31

0.38
2.80
0.12
0.06

21
440
17
550
135

67.74
0.62
13.11
3.93
1.27
0.05
5.42
5.17
0.63
0.28
98.23

13
181
9
125
33

2.24
0.31
0.53
1.60
0.71
0.01
0.76
0.86
0.41
0.14

a
Distances are from bottom of WE-2 transect and relative to principal slip surface at WE-1, LTC-1, and BWmd. Fe2O3* = Total iron as Fe2O3. Myl = mylonite; ucc = ultracataclasite; bx = breccia; chl = chlorite;
ep = epidote, leuco = leucocratic; bd = below detection limit; na = not analyzed. Boldface data represent reference values used in isocon calculations.

89
276
89
603
105

75.58
0.34
10.90
2.63
1.53
0.07
1.58
2.19
3.42
0.02
98.26

Rb
Sr
Zn
Zr
Cl

SiO2
TiO2
Al2O3
Fe2O*3
MgO
MnO
CaO
Na2O
K2O
P2O5
Total

War Eagle WE-2

Leuco
Leuco
myl Chl bx Myl
Myl Bx/Ucc
Myl
Myl
Bx
Ucc
Bx FW Ave SD
Chl bx
Chl bx
Ucc
Ucc Ucc Ucc Ep bx Ep bx HW Ave SD
myl Chl bx Myl
My
(2 cm) (0 cm) (6 cm) (16 cm) (0 cm) (10 cm) (20 cm) (70 cm) (100 cm) (130 cm) (0 cm) (10 cm) (15 cm) (20 cm) (n = 10) on Ave (23 cm) (15 cm) (2 cm) (0 cm) (2 cm) (6 cm) (11 cm) (66 cm) (n = 5) on Ave

War Eagle WE-1

Table 1. Representative Whole-Rock XRF Analyses Along Transects Across Minidetachment Horizonsa
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Figure 7. Major and trace element variations across BWmd minidetachment. All values normalized to an
anhydrous basis to facilitate comparisons. “Volatile” content is difference between 100% and sum of
all oxides.
surface at BWmd to determine the approximate conditions at
which the observed mineral assemblages, modal abundances,
and mineral compositions developed. Bulk compositions for
the samples are given in Table 1, and comparisons between
calculated and estimated modal abundances and mineral
compositions are given in Table S2 of the auxiliary material.
[34] Use of pseudosections is predicated on the assumption that chemical equilibrium was attained within each
sample. This assumption may be unreasonable in relatively
low-temperature rocks that experienced potentially rapid
fluid infiltration. However, pseudosections calculated for
different bulk compositions do a reasonable job of matching
actual mineral assemblages and modes in a consistent region
in P-T space for each of the modeled localities. The temperature at which alteration occurred is constrained by the
pseudosection calculations to 350–425 C at both localities, but pressure is poorly constrained by the calculations
(see Figure S6 of the auxiliary material). By combining the
pseudosections with fluid inclusion data, however, much
tighter constraints can be placed on the P-T conditions of
alteration and fault initiation (see below).
3.5. Fluid Inclusions and Constraints on Pfluid
[35] Fluid inclusions are present in many of the samples,
but in most cases are too small (≤3 mm) for microthermometric analysis. The exception is in breccia samples from the
WE-2 and BWmd localities. In WE-2 samples, 3–15 mm
fluid inclusions are abundant within quartz-rich clasts in the
breccia, but are absent in the adjacent mylonites. At BWmd,

fluid inclusions occur both in breccia clasts and within
mylonites immediately adjacent to the MD.
[36] Three types of inclusions are present in the WE-2
breccias. Type 1 inclusions contain a vapor bubble, a large
crystal of NaCl (square, isotropic), a small birefringent
daughter crystal (rhombohedral, probably calcite), and typically also a small daughter crystal of red hematite or an
opaque mineral (Figure 8a). These inclusions occur in
clusters distributed in the cores of quartz grains and along
randomly oriented healed cracks that terminate at subgrain
boundaries. Type 2 inclusions are two phase and liquid rich
at room temperature (Figure 8b), and also occur along
cracks that terminate at subgrain boundaries. Type 3 inclusions occur both in non-planar clusters and along healed
cracks, and some arrays clearly crosscut subgrain boundaries. These inclusions lack daughter crystals and in some
cases contain two concentric bubbles (Figure 8c). Liquid:
vapor ratios are variable in Type 3 inclusions, but there is
no clear evidence for post-entrapment modification of the
inclusions.
[37] The absence of obvious crosscutting relationships
hinders interpretation of the relative ages of Type 1 versus
Type 2 inclusions. In some instances, Type 1 and 3 inclusions occur together within single clusters, suggesting the
possibility of simultaneous entrapment of coexisting
immiscible fluids; this possibility is discussed further below.
However, in most cases it is clear that Type 3 inclusions are
texturally younger than the other inclusions types.
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[38] Type 1 inclusions form antarcticite during freezing
and show visible melting at temperatures below 40 C,
indicating the presence of a significant CaCl2 component.
Antarcticite melts around +12 C, and halite disappears
between 230 and 255 C; other daughter minerals persist to
temperatures above 370 C. Homogenization to liquid occurs
between 190 and 210 C, below the dissolution temperatures
for halite and the other daughter minerals. Despite the likely
presence of calcite in the daughter mineral assemblage, CO2
was not detectable by microthermometric analysis. Bubble
homogenization at temperatures below dissolution of the
solids, coupled with the absence of detectable CO2, rules out
entrapment of these inclusions as part of an immiscible pair
with the Type 3 inclusions [e.g., Bodnar and Vityk, 1994].
Owing to the presence of multiple daughter minerals, it is
not possible to determine exact compositions or densities
for the Type 1 inclusions. However, an approximate brine
composition of 18 wt% NaCl and 31 wt% CaCl2 can be
calculated by assuming that the inclusions lie entirely within
the H2O-NaCl-CaCl2 system [Steele-MacInnis et al., 2011].
The phase relations indicate entrapment at temperatures in
excess of 370 C, but the pressure of entrapment is unconstrained owing to incomplete knowledge of the PVT properties of the fluid system. Because no similar inclusions are
found outside of the breccias at WE-2, it is likely that their
entrapment is related to channelized fluid infiltration prior
to or synchronous with cataclasis at elevated temperatures.
[39] Type 2 inclusions are low-salinity brines (Tmf = 0.3
to 1.3 C; ≤2.3 wt% NaCl equivalent) that homogenize to
liquid between 208 and 230 C. Calculated densities for these
inclusions lie between 0.84 and 1.0 g cm3 [Bodnar and
Vityk, 1994].
[40] Type 3 inclusions contain mixed H2O-CO2 fluids
with <1.5 wt% NaCl equivalent. CO2 homogenizes to vapor
between 24 and 30 C. Total homogenization occurs to both
liquid and vapor, with Th(total) between 320 and 330 C for
inclusions that homogenize to liquid; homogenization to
vapor is difficult to observe precisely, but Th(total) is in the
320–350 C range for these inclusions. Based on the close
spatial association between H2O-rich and CO2-rich Type 3
inclusions and the ranges in Th(total) values, it is likely that
the Type 3 inclusions were trapped from coexisting,
immiscible H2O-CO2-NaCl fluids. If this interpretation is
correct, the lowest measured Th(total) values for inclusions
that homogenize to liquid constrain the P-T conditions of
entrapment [Diamond, 2001] to 320 C and 100 MPa.
[41] Isochores and estimated trapping conditions for the
WE-2 inclusions are shown in Figure 9a. Because none of
the fluid inclusion populations occurs outside of the chlorite
breccias at this locality, fluid infiltration and entrapment was
likely associated with formation of the breccia. In this case,
the highest homogenization temperature (Type 1: >370 C)
should represent the lowest possible temperature at which
the breccia formed. Type 3 inclusions record subsequent
infiltration of a mixed H2O-CO2 fluid into the breccia zone
at lower temperatures.
[42] Fluid inclusions are generally smaller and less abundant in the Bowman’s Wash MD than in the WE-2 samples.
Most inclusions (Type 4) are two-phase and liquid-rich at
room temperature. These inclusions are present within the
breccia zone and in quartz clasts within the ultracataclasite.

B06210

They also occur within mylonite that is immediately adjacent to the main slip surface, where the breccia horizon is
locally absent. Where present in mylonite, they occur along
healed fractures in three orientations: parallel to the slip
surface and in R1 and R2 shear orientations (Figure 8d).
Phase ratios are the same in inclusions in all three orientations, suggesting that all of these inclusions formed simultaneously. Inclusions in ultracataclasite clasts occur in
clusters and along discontinuous healed cracks with no
systematic orientation between clasts (Figure 8e).
[43] Dark, vapor-rich Type 5 inclusions are spatially
associated with Type 4 inclusions in a few clasts within the
ultracataclasite. They generally occur in clusters rather than
discrete planes (Figure 8f). Owing to large uncertainties in
determination of homogenization temperatures in vapor-rich
inclusions, no microthermometric data are reported for the
Type 5 inclusions.
[44] Initial melting is apparent in all Type 4 inclusions
between 42 and 25 C, with final melting between 16.6
and 12.2 C. Calculated inclusion compositions are brines
with 17–20 wt% equivalent NaCl, but the low initial melting
temperatures require the presence of CaCl2 and/or other salt
species such as Fe chlorides within the fluid. All inclusions
homogenize to liquid, but Th values fall into two populations: Type 4a = 260–285 C, and Type 4b = 320–340 C;
Type 4b inclusions texturally overprint some of the Type 4a
arrays. Isochores were calculated assuming that the fluids lie
within the H2O-NaCl system, which is clearly an oversimplification. However, the necessary P-V-T data do not
currently exist to determine isochores for high-salinity
fluids in the H2O-CaCl2  NaCl  FeClx system. Given
this oversimplification, the calculated isochores are shown
in Figure 9b.
[45] When combined with data from the pseudosection
calculations, Type 1, 2 and 4a fluid inclusion isochores limit
the P-T conditions of initial alteration and brecciation to
375–425 , 190–300 MPa at WE-2 and to 380–420 C, 230–
300 MPa at BWmd-1 (Figure 9). These P-T conditions agree
remarkably well with estimates that mylonitization of the
Whipple footwall ceased as the rocks were exhumed through
conditions of approximately 400 C and 300 MPa [Anderson,
1988]. Type 4b isochores record fluid entrapment over a
wide range of lower pressures, despite the fact that the
inclusions have the same distinctive composition as Type 4a
inclusions.
[46] A possible explanation for the different recorded
Type 4 entrapment conditions is that the inclusions were
trapped during a transition from lithostatic toward hydrostatic pressure. In this case, all of the Type 4 inclusions
would have been entrapped at the same depth. An average
isochoric pressure of 270 MPa for the Type 4a inclusions
corresponds to a depth of 9.5 km, assuming lithostatic
conditions. The hydrostatic pressure at 9.5 km is between
80 and 93 MPa for fluid densities of 870–1000 kg m3,
in good agreement with the calculated isochores for the
lowest-pressure Type 4b inclusions (Figure 9b). Intermediate
isochores likely record a rapid pressure fluctuation between
the lithostatic and hydrostatic extremes. The inference that
fluid pressure may have approached hydrostatic values at
mid-crustal depths is in agreement with numerous stable
isotope studies that document circulation of meteoric waters
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Figure 8. Photomicrographs of fluid inclusion types. (a) Type 1 inclusions containing multiple daughter
crystals, WE-2 breccia. (b) Liquid-rich Type 2 inclusions, WE-2 breccia. (c) Vapor-rich and double-bubble
Type 3 inclusions, WE-2 breccia. (d) Fluid inclusions in R1 and R2 Riedel shear orientations in BWmd
mylonite at contact with ultracataclasite. (e) Type 4 inclusions on healed microcracks in BWmd ultracataclasite. (f) Type 5 inclusions (white arrows) spatially associated with Type 4 inclusions (e.g., black arrow)
in BWmd ultracataclasite. Long dimension of Figure 8d is 2 mm; for all other images it is 40 microns.
to depths of 5–10 km in metamorphic core complexes [e.g.,
Fricke et al., 1992; Holk and Taylor, 2007; Morrison, 1994;
Person et al., 2007]. Rapid fluid pressure drops in the brittleplastic transition zone would be likely if MDs there connect
to the overlying brittle crust, where fluid pressure is likely to
be hydrostatic [e.g., Ingebritsen and Manning, 1999].
[47] Although some Type 4b inclusion arrays overprint
Type 4a inclusions, the relative age relations between the
subpopulations are rarely clear, and we are unable to determine whether fluid pressure changed once from lithostatic to
hydrostatic, or whether Pfluid cycled repeatedly between
these extremes. Regardless, the apparent change from
lithostatic to hydrostatic conditions is consistent with Pfluid ≥
Plithostatic immediately prior to the change. The high- Pfluid
fluid inclusions occur within the zone of chemically altered
and brecciated rocks. A plausible scenario to account for
these observations involves fluid influx during mylonitization, mineral precipitation along the flow path, a concommitant increase in Pfluid, and subsequent brittle failure in
response to the elevated Pfluid. This scenario is discussed
further below.

3.6. Volumetric Changes During Alteration
and Deformation
[48] In addition to placing constraints on P-T conditions of
alteration and deformation, Perple_X modeling permits rock
densities to be calculated at the P-T conditions of interest.
As shown in Table 1, chlorite breccias have calculated
densities that average 3% lower than mylonites, whereas
ultracataclasite densities are 6–7% higher than mylonites.
Clots of euhedral albite + calcite in the BWmd chlorite
breccias and of randomly oriented chlorite  calcite in the
WE breccias are consistent with volume gain in the breccia
horizons relative to adjacent mylonites. Ultracataclasites
show no petrographic evidence for volume gain. Chlorite
breccias occur in all MD zones, whereas ultracataclasites
are confined to those that experienced multiple slip events.
Chlorite breccias thus largely predate formation of ultracataclasites, and volume-gain processes must at least in part
predate densification in MDs with multiple slip histories.
[49] Volume losses and gains within ultracataclasites and
breccias can be quantified using an isocon approach [Grant,
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Figure 9. Summary of P-T constraints for MD alteration and slip. Green and olive shaded bands are equilibrium P-T conditions for alteration assemblages based on Perple_X calculations. (a) Locality WE-2.
Dashed line shows minimum entrapment temperature for Type 1 fluid inclusions, based on homogenization
temperatures. Blue shaded bands represent isochore ranges for Type 2 and 3 inclusions. White box outlines
probable entrapment conditions for Type 3 inclusions based on interpretation that the inclusions were
trapped during boiling. Region outlined in black represents conditions of pre- to syn-mylonitic chemical
alteration and slip on MD. (b) Locality BWmd. Blue shaded bands show isochores ranges for Type 4a
and 4b inclusions; thin black lines are representative isochores within these ranges. Intersection of
Type 4a isochores with alteration conditions is interpreted to represent conditions at which alteration, mylonitization, and onset of cataclastic deformation overlapped in space and time, and defines a depth of 9.5 km.
Type 4b inclusions have the same composition as Type 4a, but were trapped over a range of pressure conditions. The lowest-P isochores are consistent with entrapment under hydrostatic conditions, also at a depth of
9.5 km.
1986] if a suite of immobile elements can be identified at
each locality. Elements that are commonly assumed to be
immobile during fluid-rock interaction include Al, Ti, and Zr
[e.g., Selverstone et al., 1991]. In the MDs, however, Al was
clearly decoupled from Ti and Zr (Figures 7 and S2 of the
auxiliary material). We initially identified Ti, Fe, Ca, Zr, and
P as potentially immobile elements, based on the patterns in
Figures 7 and S3 of the auxiliary material. However, the
high concentration of CaCl2 in fluid inclusions at the BWmd
locality shows that Ca was mobilized in the fluid phase and
cannot be considered to have been immobile. Concentrations
of the remaining four elements were converted to elemental
weight percentages (Table 1) and correlations were determined for breccia–mylonite and ultracataclasite–mylonite
pairs at the different localities. In all cases, r2 values of 0.979
to 0.999 indicate that the four elements behaved similarly to
one another in both breccias/cataclasites (bx) and ultracataclasites (ucc), and can be assumed to have been nearly
immobile during both volume gain and volume loss processes. They therefore define an isocon for each rock pair
(Figure 10), and the net volume gain or loss can be
approximately quantified via the relationship [Grant, 1986]
Vbx;ucc Mbx;ucc rbx;ucc
¼

Vmyl
Mmyl
rmyl

where the mass ratio is the inverse of the isocon slope given
in Table 1.
[50] For the densities (r) estimated in Perple_X models,
calculated volume ratios (Table 1) correspond to volume
gains of 170–320% in breccias from the small MDs, a
volume gain of >600% in the BWmd breccia, and losses of
10–50% in four ultracataclasites, all relative to starting
mylonites. The absolute values of the gains and losses
depend on the accuracy of the isocon analysis, and may have
significant uncertainties. However, relative changes between
the different samples are likely robust. In particular, the
magnitudes of the volume gains (breccias) and losses
(ultracataclasites) increase with strike length of the MDs:
larger structures are coincident with zones of greater chemical alteration (Figure 10). The large observed volume gains
in the breccias point to an origin via implosion brecciation
[Sibson, 1986], although there is no field evidence to suggest
that the breccias formed in dilational fault jogs. The breccia
volume gains were likely in part accommodated by volume
losses in the adjacent ultracataclasites.
[51] Breccia volume gains are generally associated with
addition of Si, Al, and Na,  Ca and K, relative to mylonitic
starting rocks. Interestingly, despite higher SiO2 contents,
breccias have lower modal abundances of quartz than
neighboring mylonites (Table S2 of the auxiliary material).
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Feldspar modes increase significantly in the breccias, and all
plagioclase approaches Ab100 in composition. These observations suggest that fluid infiltration into the mylonites
promoted albitisation of preexisting feldspars [Hövelmann
et al., 2010] and caused new albite to precipitate.
[52] Precipitation of new albite requires a decrease in albite
solubility in the infiltrating fluid. Two processes relevant to
the breccias could cause such a decrease: (1) A sudden
pressure drop from lithostatic toward hydrostatic would
reduce albite solubility by a few g/kg H2O [Shmulovich et al.,
2001]. (2) Consumption of H2O during conversion of biotite
and amphibole to chlorite  epidote  titanite would
increase the salinity and/or CO2 content of the reactive fluid,
which in turn could dramatically reduce the apparent solubility of albite. The first process would cause albite precipitation during initial rupture and fracture formation, whereas
the second process could generate albite prior to faulting. In
the latter case, an increase in the feldspar/quartz ratio could
have inhibited plastic deformation and contributed to the
onset of brittle deformation.
[53] In contrast to the breccias, volume loss in the ultracataclasites is associated with removal of Si, Al, and Na and
addition of Ca. Despite net removal of Si, the modal abundance of quartz is higher than in mylonites or breccias,
indicating that albite removal was more important than
quartz dissolution, in agreement with observed and calculated modes (Table S2 of the auxiliary material). Precipitation of albite in the breccia horizons would leave the
remaining fluid enriched in CaCl2 relative to NaCl, as is
observed in the BWmd fluid inclusions. At low to moderate
pressure, enrichment in CaCl2 leads to a pronounced
decrease in quartz solubility in the fluid [Shmulovich et al.,
2001]. Quartz would thus precipitate, potentially increasing
crystal plasticity and leading to slip localization.

4. Implications for Fault Initiation
at the Brittle-Plastic Transition
4.1. Orientations of Principal Stresses
[54] Our data indicate that the MDs formed subparallel to
likely planes of maximum shear stress, so were not severely
misoriented with respect to the ambient midcrustal stress
field when they formed, nor were they oriented like typical
Coulomb fractures (30 from s1). At each MD site, the
principal slip surface is parallel to the C-planes of the adjacent mylonites, and R1 Riedel shear fractures are parallel to
C′ planes (Figures 2d and 6). R2 Riedel shear planes are
reasonably common as well. In visco-plastic deformation
(mylonitization) one expects s1 to be oriented approximately
45 from the shear plane, and R1–R2 Riedels form as conjugate faults, so s1 should bisect the angle between them,
consistent with an 45 angle. These observations constrain
s1 to have the same orientation during mylonitization and
minidetachment initiation and slip, at 45 to the shear
planes (the C-planes of mylonites and the MDs themselves).
If the mylonitic fabric was subhorizontal to gently northeast
dipping (≤20 ) during translation of the footwall through the
brittle-plastic transition [e.g., Anderson, 1988; Lister and
Davis, 1989], then our observations further require s1 to
have been plunging 45 –65 during MD initiation and slip.
This conclusion is consistent with models of LANF
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initiation that invoke non-Andersonian stress orientations in
the midcrust [Spencer and Chase, 1989; Westaway, 2001;
Yin, 1991] and implies stress reorientation at some depth
above the brittle-plastic transition, because the maximum
principal stress was probably subvertical when the Whipple
detachment was active at shallower crustal levels [Axen and
Selverstone, 1994]. The remaining question is whether or not
this reorientation is relatively abrupt with depth, and due to
local mechanical effects, or gradual and due to far-removed
boundary conditions (e.g., shear traction exerted on the base
of the brittle crust) [Spencer and Chase, 1989; Westaway,
2001; Yin, 1991]. The Rice [1992] and Axen [1992] models
suggest that high fluid pressure rotates s1 to a Coulomb
orientation during detachment faulting (30 from the
faults, lower than our observations suggest) but lower fluid
presssure or mechanical effects such as Coulomb plasticity
[Byerlee and Savage, 1992; Lockner and Byerlee, 1993;
Marone et al., 1992] or a gradient in microcracking
[Faulkner et al., 2006] could explain the difference from our
inferred angle of 45 . Elevated fluid pressure is consistent
with our results but one would not expect significant
microcracking or granular flow at the brittle-plastic transition, as required by the other models.
4.2. Strength of Fault Materials
[55] At each of the studied localities, MDs formed in
horizons that experienced syn-mylonitic fluid-rock alteration
and accompanying changes in mineralogy, which we infer to
have strengthened and embrittled the ductile shear zone,
abruptly leading to frictional slip on a discrete surface. At all
localities, the new mineral assemblage includes chlorite,
epidote, titanite or rutile, K-feldspar,  albite  calcite 
white mica  Fe-oxides, although mineral modes differ
between sites and between breccias and ultracataclasites.
Chlorite is abundant at the WE and LTC sites, where it was
produced during mylonitization and during (and after) cataclasis. However, there is no evidence for weakening via
cleavage-parallel slip in interconnected chlorite layers [e.g.,
Holyoke and Tullis, 2006]. Where chlorite lies within the
mylonitic S and C foliations, it is in discontinuous lenses. At
all localities, chlorite is at least locally present within the
breccia horizons, where it is in the mylonitic fabric within
clasts and in randomly oriented, undeformed patches
between clasts. The latter observation indicates that subsequent episodes of slip did not take advantage of chlorite-rich
zones, and that formation of secondary phyllosilicate
minerals did not inherently lead to weakening and/or fault
localization as proposed by Massironi et al. [2011]. This
behavior is in accord with other studies showing that mineral
deposition can selectively strengthen rocks, even when the
precipitating phases are nominally weak minerals [e.g.,
Gratier and Gueydan, 2007].
[56] We emphasize the BWmd site, where epidote and
titanite are the most abundant alteration minerals in the
ultracataclasites, locally comprising up to 30 modal %.
Within the breccias, albite  calcite are the dominant
secondary minerals. Bulk chemical analyses at this locality
provide evidence for albite removal immediately adjacent to
the principal slip surface and deposition in the breccias. The
formation of epidote (and titanite) porphyroclasts in the
mylonites shows that epidote is strong relative to quartz, in
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Figure 10. Isocon diagrams for breccia  ultracataclasite samples from each of the four minidetachment
localities. Data from Table 1 were normalized to anhydrous basis and converted from weight % oxide to
ppm element concentrations. Each plot compares the compositions of altered rocks with ‘unaltered’ adjacent mylonites. Squares = data for Ti, Fe, P, and Zr; diamonds = all other elements. (Silicon and aluminum
values were divided by 10 and 2, respectively, to fit on the plots; all other points represent actual concentrations). Dashed lines represent hypothetical constant composition reference frame. Solid lines show fits
to Ti-Fe-P-Zr data, forced through the origin; these lines are interpreted to be isocons (see section 3.6 in
text). Data points that plot above the isocons represent elements added relative to the ‘immobile’ isocon
elements; points below each isocon represent elements removed during alteration. Note that the four breccia
samples record increasing mass additions in the order WE-1 < WE-2 < LTC-1 < BWmd, consistent with
increasing strike length of the MDs. In contrast to the breccias, ultracataclasites record mass losses.
15 of 19
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agreement with TEM data of Stünitz [1993], and high concentrations of epidote might thus be expected to strengthen
the rocks. However, preferential removal of albite actually
led to an increase in the modal abundance of quartz (despite a
decrease in SiO2 concentration) within the ultracataclasites,
possibly leading to plastic weakening and fault localization.
4.3. High Pore Fluid Pressure
[57] As described above, the BWmd fluid inclusion densities are consistent with at least one switch from lithostatic
to hydrostatic pore fluid pressure within the MD damage
zone. A subsequent return to lithostatic pressure is possible
but is not required by the data. All fluid inclusions that
record the transition from lithostatic toward hydrostatic
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pressure have identical CaCl2-rich compositions, suggesting
that they were trapped during a brief time interval prior to
infiltration of the CO2-bearing, Type 5 fluid. A rapid shift
toward hydrostatic conditions is consistent with sudden
fracturing that led to drained conditions, which one would
expect once the MD horizon became brittle. Effective stress
was presumably low during mylonitic shear that presumably
was accompanied by near-lithostatic pore fluid pressure,
which would favor fracture formation.

5. Discussion: A Model for Minidetachment
Formation and Implications for Low-Angle
Normal Faults
[58] Here, we present a model for minidetachment formation and slip driven largely by fluid infiltration, chemical
alteration, and the associated increase in Pfluid (Figure 11).
We assume an initial state of distributed crystal-plastic
shearing in which fluid pressure is essentially lithostatic and
hydrolytic weakening is ongoing due to fluid moving up the
shear zone from depth (Figure 11a). Such fluids might be
deeply circulated meteoric water or derived from a lower
crustal source [e.g., Fricke et al., 1992; Holk and Taylor,
2007; Morrison, 1994; Person et al., 2007]. We assume
that differential stress levels were relatively high because the
brittle-plastic transition is thought to be the strongest part of
the crust [e.g., Brace and Kohlstedt, 1980] and crystalplastic rock strength is not strongly affected by high fluid
pressure. Permeability in plastic shear zones is generally
anisotropic, and ongoing ductile shearing maintains higher
permeability parallel to shear zones than normal to them
[Cox, 2002].
[59] As fluids migrated up the plastic shear zones to
shallower depths they caused alteration and mineralization
(growth of chlorite + albite  epidote  titanite  calcite;
changes in quartz mode). These mineralogical changes
appear to have strengthened the rocks in the MD breccia
zones (Figure 11b). If the flux of deep, high-pressure fluids
was adequate, then fluid overpressure is likely to have
occurred, aided by the sealing effects of mineralization [Cox,
2010; Gratier and Gueydan, 2007; Sibson, 2003].

Figure 11. Mohr diagrams illustrating evolving stress field
(shear traction t versus effective normal stress sn) before,
during, and after minidetachment formation. Magnitudes of
effective normal stress changes (shown by arrows) are schematic. Each panel shows previous stress circles in gray for
reference. (a) Conditions during mylonitic shearing, before
MD forms. Point C represents mylonitic C-planes slipping
at maximum shear stress. (b) Fluid infiltration and associated
mineralization cause strengthening of the mylonitic shear
zone. Mineralization leads to sealing, increased fluid pressure and decreased effective normal stress (arrow), favoring
brittle reactivation of C-planes as minidetachments. (c) Continued increase of fluid pressure decreases effective stress
(arrow) to point where conjugate faults (Riedel shears,
R1 and R2) form in a Coulomb failure mode. (d) Slip on
Riedel shears and minidetachment decreases differential
stress and the MD locks up while interconnected fractures
release fluid pressure, dramatically increasing effective normal stress (arrow). MD is preserved.
16 of 19
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Overpressure would have promoted brittle failure on the
weak C planes of the mylonites, which were abundant and
oriented parallel to the maximum shear stress, allowing
frictional slip on a new MD. Fluid pressure levels probably
fluctuated due to variable fluid supply and degree of fracture
damage. At some time(s), conditions for Coulomb failure
were met and Riedel shears cut across the mylonitic fabric
(Figure 11c). Ultimately, a connected fracture damage zone
probably caused a drop in pore fluid pressure, increasing the
effective stress, and moving the rocks of the MD zone out of
the brittle failure regime (Figure 11d). Additional mineralization probably also strengthened them (right-hand failure
envelope in Figure 11d), favoring their preservation without
significant structural overprint, even though mylonitization
may have continued outside the MD zones.
[60] Our favored model for MD formation has implications for the generation of large-scale detachments, and for
the states of fluid flow, fluid pressure and stress in the
extending crust. Perhaps most surprising are the implications
that, at the scale of MDs, the brittle-plastic transition is
spatially focused and the time a rock takes to pass through
the brittle-ductile transition may be geologically very short.
[61] If this scenario can be extended to the spatial scale of
large LANFs, such as the Whipple detachment, then it contradicts the oft-published “gradual” evolutionary models of
LANFs in which distributed viscous shearing gives way
progressively to distributed brecciation and cataclastic flow,
with thinning of the shear/fault zone until a discrete principal
slip surface forms considerably shallower than the brittleplastic transition [e.g., Davis, 1983].
[62] Applying our MD model to large-scale LANFs suggests the following. (1) The brittle-plastic transition may be
defined (or strongly modified) by fluid- and reaction-driven
mineralogical changes, rather than only by gradual vertical
gradients in bulk P and T. Thus, the brittle-plastic transition
may be laterally quite variable in terms of strength, relief,
and fluid and rock-alteration properties. Sibson [2007]
reached similar conclusions. (2) The Whipple detachment
may have evolved into a continuous discrete fault plane by
linking of MDs, as is common in the early evolution of other
fault types [e.g., Segall and Pollard, 1983]. This linkage
process may, in turn, affect the overall geometry of detachments, for example by dictating their corrugated nature or
the downdip angle at which they cut across mylonites on a
larger (10–20 km) scale. (3) At any given point in space or
time, the brittle-ductile “transition” may be very thin: meters
or tens of meters, the thickness of the altered zones surrounding the larger MDs. Thus, LANFs are likely to penetrate the entire upper crust as discrete slip surfaces that reach
to the brittle-plastic transition, rather than connecting to the
brittle-plastic transition via a zone of distributed cataclastic
flow and brecciation. This is in accord with the fact that
many large continental earthquakes have ruptures that penetrate to or into the brittle-plastic transition. (4) A geologically short time period is required for a shear zone to evolve
completely from distributed plastic shearing to localized
frictional slip. This leaves open questions about formation of
the thick cataclastic zones at the tops of detachment footwalls: Do they also form rapidly and at the brittle-plastic
transition or do they form progressively during passage
through the upper crust (or some combination)? (5) Brittle
LANFs at depth do not originate as Coulomb shears but

B06210

follow mylonitic anisotropy [e.g., Axen, 1992; Massironi
et al., 2011] oriented parallel to planes of maximum shear
stress.
[63] Some of our conclusions are similar to those reached
by studying Alpine detachments [Axen et al., 2001]. Specifics of the processes inferred for the Alpine examples are
not identical to those we infer for the Whipple detachment,
but key similarities exist: (1) at depth, high-pressure fluid
flow is restricted to the plastic shear zone, and permeability
parallel to the shear zone is maintained higher than perpendicular to it by ongoing deformation, and (2) local brittle
fracturing events allow fluid release and reduction of fluid
pressure, leading to rapid, permanent embrittlement at midcrustal depths. The Alpine shear zones apparently thinned
dramatically as their deeper portions were fractured and
embrittled, leading, in turn, to higher strain rates in the
remaining, thinned plastic portion. These higher strain rates
themselves also favor further embrittlement, leading to a
positive feedback loop. Formation of strong, kinematically
dead MD zones within the plastic Whipple shear zone at
depth would also increase the plastic strain rate by forcing
the remaining, thinner plastic portion(s) of the shear zone to
carry the whole relative velocity of upper over lower plate,
therefore increasing the strain rates in the thinned plastic
portion(s).
[64] Our conclusions favor a stress field in the brittleplastic transition in which s1 was moderately plunging:
45 if the mylonites were subhorizontal, and correspondingly steeper if they were dipping gently northeast. In contrast, studies of the late stress field in the Whipple
detachment footwall suggest an essentially Andersonian
(subvertical) orientation of s1 [Axen and Selverstone, 1994;
Luther et al., 2011]. Our data do not address the vertical
crustal thickness or time frame over which the change
occurred, so models of both abrupt [Marone et al., 1992] and
gradual [Westaway, 2001; Yin, 1991] stress-field reorientation remain viable.
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